Introduction
The atmosphere is the major transport pathway for the movement of PAHs through the global environment. Once they are released into the atmosphere, PAHs can redistribute between gas and particle phases according to their vapor pressures and atmospheric conditions, and are subjected to removal mechanisms such as oxidative and photocatalytic reactions and wet and dry deposition. 1, 2 The majority of PAHs (70-90%) is sorbed on suspended particles at ambient temperature. Lighter PAHs with 2-3 benzene rings are mostly found in the gas phase while the heavier ones are mainly associated with airborne particles. The carcinogenic larger PAHs (5-7 rings) are associated with particles in the atmosphere. Some of the 3 and 4 rings PAHs are also bound to particles. Also, most of the mutagens in ambient air were proved to be particle-associated. Moreover, PAHs are mostly sorbed on small inhalable particles mainly on airborne particles of submicron diameter which can deposit in the respiratory tract, hence increasing the potential hazardous effects. 3, 4 PAHs are ubiquitous environmental contaminants. Both the United States Environmental Protection Agency (US EPA) and the European Environmental Agency have mentioned them as priority pollutants. They are originated from both natural and anthropogenic sources. Sources related to energy production are the most important in releasing PAHs. They can be classified as either pyrogenic (mainly from incomplete combustion of organic materials, such as coal, oil, vegetation or fossil fuels) or petrogenic inputs. [5] [6] [7] PAHs have received attention in air pollution studies because some of these compounds, for instance, benzo [a] pyrene, chrysene, indeno [1,2,3-cd] pyrene, and benzo [b] fluoranthene, have produced carcinogenic, genotoxic and/or mutagenic effects in animals. Accordingly, breathing PAHs may represent a health hazard for humans. [8] [9] [10] The risk associated with human exposure to atmospheric PAHs is higher in urban environments 8 where high vehicle density and the dispersion of atmospheric pollutants contribute to the increase of their concentrations. Indeed, in urban areas, exhaust from diesel and gasoline vehicles play an important role on PAH emissions. Otherwise, emissions of PAHs on highways are strongly influenced by heavyduty diesel vehicles. 11 Occurrence of PAHs in ambient air is a growing concern due to the continuous nature of exposures and the size of populations at risk, especially in urban, suburban and industrial areas. Therefore, in light of the mutagenicity, carcinogenicity and ubiquity of some PAHs in the atmosphere, the setting of air quality standards and guidelines to limit human exposure should be of primary concern for public health policy. However, difficulties in interpreting heterogeneous experimental data and epidemiological findings 9 limit the empirical data needed to establish standards or guidelines.
Several articles were published on the emissions of PAHs from mobile sources. [12] [13] [14] [15] [16] [17] [18] [19] Rogge et al., 20 determined the chemical composition of organic fine particulate matter (PM 2.5 ) emitted from six non-catalyst vehicles, seven catalyst-equipped automobiles and two heavy duty diesel trucks. More than 100 organic compounds, including PAHs, were determined in this work. In 1999, Marr et al. 21 determined the PAHs concentrations in gasoline and diesel fuel samples collected in northern California and also in particulate matter collected in a tunnel using both filter (PM 2.5 ) and impactor methods. Emission factors were determined separately for light-duty vehicles and for heavyduty diesel trucks. The authors reported that light-duty vehicles were found to be a significant source of heavier (four-and five-ring) PAHs, whereas heavy-duty diesel engines were the dominant source of three-ring PAHs, such as fluoranthene and pyrene. The obtained results showed no correlation between heavy-duty diesel truck PAH emission factors and PAH concentrations in diesel fuel. In a rather recent study conducted in the centre of Athens (Greece), 22 the concentration of PAHs and metals adsorbed to total suspended particulate and finer fractions of airborne particulate matter (PM 10 and PM 2.5 ) were determined. The authors reported that the most common PAHs in PM 10.2 and PM 2.1 were pyrene, phenanthrene, acenapthylene and fluoranthene, which are associated with diesel and gasoline exhaust particles. In another study, Turrio-Baldassarri et al. 23 compared the emissions of diesel, a blend of diesel and 20% vegetable oil and compressed natural gas engines. The experimental design focused carcinogenic compounds on particulate matter and vapor phase. The results were compared with a previous work 24 on the emissions of diesel and biodiesel bus engines. Chrysene followed by benzo Most of the data obtained in Brazilian cities refer to total suspended particles. 6, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] Data for inhalable particles and PM 2.5 are rather sparse. 40, 42, [44] [45] [46] [47] Some studies were fulfilled in locations highly affected by diesel emissions. Pereira et al. 38 determined 16 selected polycyclic aromatic hydrocarbons in total particulate matter, in the Lapa bus station (Salvador, Bahia). Pyrene, fluoranthene and chrysene showed the highest average concentrations. In January 2002, Tavares et al. 48 determined the concentrations of vapor phase polycyclic aromatic hydrocarbons at the Londrina Central Bus Station, where only dieselpowered vehicles circulated. The species that presented higher concentration were phenanthrene, fluorene and naphthalene. In 2006, Correa and Arbilla 49 reported the analysis of the polycyclic aromatic compounds collected in the vapor and aerosol exhaust of a diesel engine. The major compounds were phenanthrene, fluorene and naphthalene. Clearly, PAHs with lower liquid vapor pressures are mainly found in the vapor phase 38, 50 while compounds with vapor pressures lower than 1 × 10 -3 Pa are mainly in the aerosol phase. Vol. 20, No. 9, 2009 The objective of this paper is to determine the 16 priority particle-associated (TSP and PM 10 ) PAHs emitted by heavy-duty vehicles, fueled by diesel, on typical conditions of operation. The samplings were performed in a bus station located in the city of Duque de Caxias, in the State of Rio de Janeiro. The studied bus station is poorly ventilated and the intense and frequent movement and parking of buses (which remain with their motors on during passenger accesses) may cause releases of many kinds of hazardous chemicals to the atmosphere. As described bellow, emissions in that location are mainly due to diesel engines. The results are accordingly discussed.
Experimental

Sampling site
The sampling site was the Prefeito José Carlos Lacerda Bus Station, placed in the Centenário Quarter, in the city of Duque de Caxias (22º46'50.44"S, 43º18'28.35"W), State of Rio de Janeiro. The city occupies an area of 468.3 km 2 and has a population of about 842,890 inhabitants distributed in forty Quarters and four Districts. 51 According to DETRAN, the total number of vehicles in the city is around 160,000 units. Nowadays, 64.7% of vehicles are fueled with gasohol (gasoline with 24% of ethanol), 11.7% with neat ethanol, 12.3% with compressed natural gas (CNG), 2.5% are flexfueled cars (gasohol and ethanol) and 8.8% are heavy-duty diesel vehicles. 52 The city has about 3,000 buses and 690 micro-buses.
The bus station is located in a residential area with reduced commercial activity and no industries in its surroundings. There is no other activity inside the station except for traffic of buses. The station occupies a 10,621 m 2 area in one floor and is composed by 8 platforms (each one for four vehicles) for arrivals and departures of urban heavy-duty diesel buses. The confluence of 14 bus lines coming from six other districts of Duque de Caxias and eight other cities of the Metropolitan Region of Rio de Janeiro occurs at the station. Besides the movement of arrival and departure, many vehicles that are waiting for the next departure remain with their motors on. Buses stay about one minute commuting in the station.
No other activities are developed in the bus station and its surroundings. Vehicle count was performed in parallel with particulate matter sampling. The total number of buses is about 180 vehicles a day and light-duty cars represent about 2% of the total flux. No noticeable differences in the vehicle flux were observed during weekdays. Since the only significant emission sources are buses, the location is representative of a diesel impacted environment.
Sampling procedure
The TSP and PM 10 samplers were installed beside one of the platforms at a height of 2 m from ground level. TSP and PM 10 samplings were performed twice a week using high volume samplers (Sibata, Japan) and borosilicate glass microfiber filters (110 mm diameter, 0.22 mm thickness, Sibata, Japan). Samplings were performed randomly from Monday to Friday. No samplings were performed in the afternoon and at night because the main goal of this work was to identify typical emissions of diesel-powered vehicles. Experiments at night and during weekends were not possible to be performed because of security reasons and availability of samplers. Vehicles were counted in parallel with particulate matter sampling. A flow rate of 500 L min -1 and 6 hour sampling time were adopted for the collection of 66 samples (33 for TSP samples and 33 for PM 10 
Extraction procedure and analysis
Gravimetric determinations were carried out as described in Method IO-3.1, 1999.
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Sixteen PAHs specified on USEPA Method 610 54 in a mixture, internal standards (naphthalene-D8, acenaphthene-D10, phenanthrene-D10, chrysene-D12, and perylene-D12) and surrogates (2-Fluorobiphenyl and D14-Terphenyl) were obtained from AccuStandard (AccuStandard, USA).
Extraction procedures followed Method 3550b 55 as described by Quiterio et al. 42 Briefly, surrogate mix was added to the filter samples before extraction procedure, then those filters were sonicated four times with 50 mL dichloromethane (DCM) for 15 min and then with 100 mL for 20 min. 56 The organic extract was filtered and concentrated to 2 mL on a rotatory evaporator. Surrogate recoveries ranged from 48 to 72%. Afterwards, PAH concentrations were corrected according to the efficiency of recovery during extraction.
Prior to injection, 1 µg of internal standards mix was added to the extracts. All samples were analyzed using a Gas Chromatograph (GC Agilent Model 6890, USA) hyphenised to a Mass Spectrometry selective detector (Agilent Model 5973, USA), equipped with a HP-5 (30 m × 0.25 mm dia. × 0.25 µm film thickness, Agilent, USA) GC column. 1 µL samples were injected on splitless mode at an injector temperature of 300 o C. The carrier gas was helium at a constant flow of 1.2 mL min -1 . Oven temperature was programmed as follows: 50 ºC (2 min) → 300 o C (12 ºC min -1 ) → 300 ºC (10 min). Quantitative analyses were performed using a single ion monitoring (SIM) method under 70 eV of electron energy. Chromatographic peaks were identified and quantified, based on their GC-MS acquired retention times and mass spectra of the authentic standards used as reference: naphthalene (Na) Quantification limit (QL) and detection limit (DL) were determined as 10 ng and 8 ng, respectively. The QL was the first point (the point of lowest concentration) from each linear calibration curve. DL was determined from the standard deviation from the responses of seven replicates of the lowest point in the calibration curve, multiplied by the correspondent t-factor for 95% confidence interval. Considering the total sampled air volume (1600 m 
Statistical analysis
Experimental data were analysed using STATISTICA 6.0 (Statsoft, USA) software pack. Principal Component Analysis (PCA) and Cluster Analysis (CA), using Euclidian distances and Ward's Method, were also performed, as classification and ordination methods.
Results and Discussion
PAH levels in TSP and PM 10 10 and GF/PUF (glass fiber filters and a polyurethane foam filter) samples collected at two urban stations in the city of Brno, Czech Republic, 57 showed that the GF/PUF method gave an amount of low molecular weight U.S.EPA priority PAHs (Na, Acy, Ace, Flu, Phe, An, Flt, Py) several times higher than the high volume sampling of the PM 10 fraction. Ciganek et al. 57 concluded that sampling using the PM 10 method could lead to an underestimation of overall PAH concentrations and, particularly, of low molecular weight compounds.
ΣPAH accounted for 0.0018% of the TSP mass and 0.0012% of the PM 10 mass. The total PAHs contents on 
Diagnostic ratios
PAH concentrations and molecular ratios have been used to distinguish emissions and indicate the impact of different sources of airborne compounds. [58] [59] [60] [61] [62] Diagnostic ratios between PAHs are presented in Table 2 12,20,38,63-68 both for TSP and PM 10 samples. Ratios are very similar for PM 10 and TSP samples. Values obtained in PM 10 samples are indicated in italics.
In 2004, Manoli et al. 12 published the PAHs profiles for several urban, industrial and geological sources, in particular diesel fueled buses, paved road dust and soil dust absorbed on PM 10 samples. In general, diagnostic ratios for ambient urban samples were similar to those obtained for paved road and soil dust. Ratios obtained from the exhaust of diesel vehicles are rather different suggesting that the PM 10 fraction has an important contribution of mechanical sources and ressuspension of dust. In Table 2 , typical ratios for diesel vehicles, light cars, urban TSP and PM 10 samples, paved road dust, soil dust are listed for comparison. Urban samples were those determined by Mantis et al. 63 in an Aristotelous street, in downtown Athens, with dense vehicular traffic and commercial activities, and by Manoli et al. 12 in the city center of Thessalonike, Greece, an area with high commercial activities and traffic density. It must be noted that the reported ratios are, in many cases, spread in a wide range of values and there is not a clear difference between diesel and gasoline emissions.
The sum of concentrations of the nine combustion PAHs (CPAH) (see Table 2 ) divided by the total concentration of PAHs gave the values 0.93 and 0.91 for TSP and PM 10 samples, respectively. This value is in the same range of previous reported ratios for downtown areas. 12, 63 As shown in Table 2 , these values are also similar to those obtained for soil and road dust samples.
The 12, 63, 65, 66 The value determined from the direct exhaust of diesel buses is 0.73.
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The ratio Flt/(Flt+Py) was calculated as 0.37 and 0.36 for TSP an PM 10 , respectively. These values are in good agreement with the ratio obtained for diesel buses, 12 diesel trucks 20 and urban areas 12, 63 and they are also similar to the value obtained by Quiterio et al. 42 in an area with a high contribution of diesel buses and trucks. These data may be compared with those determined by Pereira et al. 38 at the Lapa bus station in Salvador for TSP samples. The diagnostic ratios displayed in Table 2 were calculated using the mean concentrations reported by the authors. The value for the CPAH/∑PAH ratio is similar to that reported in this work. The other ratios are, in general, similar to those reported for soil dust 12 except for the Flt/(Flt+Py) ratio, 0.34, compatible with diesel emissions.
The benzo[a]pyrene equivalent carcinogenic power (BaPE) 69, 70 was also estimated. This index tries to parameterize the health risk for humans related to ambient PAH exposition and is calculated by multiplying the concentrations of each carcinogenic congener, as follows: This is, to our knowledge, the first reported diagnostic ratio for a diesel fleet in Brazil and may be considered as a typical value for emissions of high-duty vehicles in the country. Anyway it is clear that a further study in the PM 2.5 fraction is highly desirable in order to assess both the inhalable fraction and the fraction due predominately to combustion processes.
Statistical analysis
In order to obtain an insight on the main correlations among PAHs, cluster analysis (CA) and factorial analysis (FA) were applied for each set of data.
For TSP samples ( Figure 1, Table 3 ), the correlation matrix [33 × 11] gave two main clusters and two significant principal components (PCs) which explain 81% of the total variance. The elements Chry and B[a]An are together in PC2 and in the same cluster. The other elements are in PC1 and also in the other cluster. The correlation matrix [33 × 11] gave the same cluster and PCs for PM 10 samples 38 It is noteworthy that these were the only compounds that gave a diagnostic ratio compatible with direct diesel emissions.
Particle-associated PAHs dry deposition fluxes
Dry atmospheric deposition fluxes (F d ) were calculated by multiplying the geometric mean of each PAH concentration (C i ) in the particulate matter times the PAH dry settling velocity (V d ) as follow:
Deposition velocity, V d, may vary 1-2 orders of magnitude 8,71-73 due either to particle size, climatic or physical conditions in the atmosphere Even considering those uncertainties, the particulate matter dry deposition flux calculations help to better understand PAHs removal mechanisms. Indeed, some authors, such as Vardar et al. 71 and Chang et al., 8 have modeled V d and they have found results comparable to those from Sheu et al. 72 In this study PAH particle dry depositions were calculated using V d as stated on the latter cited study as shown in Table 4 .
Dry deposition flux for the total PAHs (F d of ΣPAH) showed the highest value (0.603 µg m -2 day -1 ) for TSP followed by PM 10 ). Individual deposition fluxes are found in Table 4 . In most sites B[ghi]P was the PAH with the highest deposition flux followed by IPy.
The apparent dry deposition fluxes from Table 4 were calculated taking into account both the geometric average concentration level of an individual PAH sorbed on particulate matter and the dry deposition velocity but it should also have been taken into account PAH reactivity which can be an important parameter in interpreting the dataset. Nilsen 74 has developed a reactivity scale that groups PAHs into five classes of reactivity (from Class I-the most reactive group-to Class V-the least reactive one) toward nitrating species generating then either nitro-PAHs, oxy-PAHs or quinones (these are PAH derivatives much more carcinogenic and/or mutagenic than the originating species and then of greater concern in health issues). If a PAH is more reactive than other, it is more easily modified (removed) by a photochemical reaction and it would be not found at high levels in PM and then dry or wet deposition mechanisms would not be its main atmospheric fate. On the other hand, the less reactive the PAH the more probable is to sink by either dry or wet depositions, depending on its vapor pressure and water solubility (being, therefore, probably promoted to any terrestrial and/or aquatic systems). This should be considered when analyzing some isomer pairs such as Phe and An, Flt and Py, B[b]F and B[k]F, and IPy and DB[ah]A. Flt belongs to Class V and Py is Class III then it is reasonable to accept that Py, being more reactive than Flt, would be more readily modified to any of its possible nitro-derivatives and less Py would be available to be dry deposited. 75 The same occurs with IPy (Class V) A (and the other Class IV, Chry), those particle airborne once deposited might be resuspended by any mechanical/ physical perturbation being then able to be enriched of some PAH freshly generated (vapor-PAH converted to particle or by any physical interaction as accumulation, coagulation, etc acting in both freshly and aged particulate PAH) and be again dry deposited. This cyclic path of the PAHs could occur continuously and the particulate matter be aged in relation to some less reactive PAH.
Conclusions
In this work the atmospheric concentrations of priority PAHs associated to TSP and PM 10 samples were determined. Individual concentrations were between the detection limit (acenaphtylene, acenaphthene, anthracene and fluorene) and 2.27 and 1.74 ng m -3 for benzo[ghi] perylene (B[ghi]P) for TSP and PM 10 , respectively.
ΣPAH accounted for 0.0018% of the TSP mass and 0.0012% of the PM 10 mass. The total PAH contents on the particle phase were 17.8 µg g -1 and 12.5 µg g -1 for TSP and PM 10 .27 µg g -1 (52% of total PAHs) and 6.73 µg g -1 (54% of total PAHs), respectively, then, a serious health concern.
Diagnostic ratios were, in general, quite different from those determined in the exhaust of diesel vehicles suggesting an important contribution of mechanical sources and ressuspension of dust. A further study in the respirable fraction is highly desirable in order to assess the contribution of PAHs due predominantly to combustion processes.
